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ABSTRACT

A theory of microwave breakdown in air capable of pre-
dicting the electdic field strengths at breakdown as & function of
3 "metry, frequency. pressute, and pulse widh is used In compute

Ing the power handling capacities of conventional waveguide
-ly!tans. Rectangular, coaxial, and cylindrical waveguides are
oonsidered for both cw and pulsed breakdown, The TE 1 Ty
md T™, ; modes of opemticn in cylinddeal waveguide are created,
Curves for the breakdown electiic Seld are pregented as a function

_of experimental pn-umeteu 90 that the power hundling capacity cma
be computed for any s=t of condicions, Typical curves for the
breakdown power as a function of pressute and pulse width a0 pre=
seated for the common wavegride systems, The effects of tepatle
ton mte, pulse shape, standicg waves, s temperawrc, md
extemal radiation are discussed,
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-1 PURPOSE
- N ‘Numerous articles on the power haadling capacity in air of standard waveguide syatems
' have been reported in which the effects of waveguide size, frequency, and gas pressuce have been
- s ’ included, *7 'ﬁu calculations of power handling ctpn'city in these reports are based on the goe
L : . " symptions that the maximum electric beeakdown field is 30kv/ca at atmospherie pressure and thae

the treakdown power is proportional to the square of the pressure, Recent work at Microwave
Associater, loc. 8 under Navy contract Nobsc63295 bas proven that the above assumptions are ine
-corrects A theory for breakdowa in air at microwave frequencies was developed and veritied oves

a wide range of experimental parameters. The availability of a working theory of beeakdown, capae
ble of predicting the breakdowa eleceric field as a fuaction of pressute, frequency, pulse width,

sod geometry, ﬁecea;idus a recalculation of the power handling uo;zacities of the standard waves
‘guide systems. In this baodbook the theory is applied 1o predicting the breakdown power capacities
Af ) ) "of tectaagulas, coaxial, and circular waveguides as & functionof experimental parsmeters, The

,.
TR AR

e
2 o

5 :; calculations are performed for the most common waveguide sizes and frequencies and ace presented
e in both graphical and tabular foma, However, from the cueves presented, the power bandling cae.
' S| pacity can be calculaced for any particular waveguide size and frequency. A qualiative descriprion
oy - 1 % of the phenomena conirolling beeakdown s discuased so thae the application of the theory to ‘
45 % ; peactical systeme can be better understood aad properly utilized, ’
= AN I SYNBOLS ' C S : ’
) x E:" *n = electron density (electrons per cucs) o
. .*1 3 v « frequency of aumber of electrons jonized pet second per electron
‘}‘g 4 2; v, = &equencx or rumber of electrons attached per second per electron-
%’:ﬁ‘ : g D = electron diffusion cocfficient
;’3‘,\‘ ’ ?’ P, Ppresawe normalized to 209C(293%K) (mm Hp)
%f:‘ff a1 p * Ptessute at any temparuture (mm Hg) 2
k1 E ne s value of the mictowave Keld {volt/ca) '
?;« i g Eo = eHective d.c, field (volt/cm)
,:‘? : ' X A « free space wavelength {cm) i
4‘,;3\-‘!! ; ,; ® * radian frequency of applied field (tadiana/second) ;
}'\4 ! f;— Ve = eleceron collision frequency (5.3 x 109p o) (collisions/aec) ;
~ it ¢ * powet pulse width (se¢) }
I 1} d < separation between two infinite parallel plates |
: :; " <v‘-v_>/p° - time average of (vi-v.)/po
F’é‘ ; P = sicrowave power (watts)
’ ) T * gas temperature (%K) ‘
g i £ f2  ~ lowee and upyer limits of rated frequency range of waveguide
h:.g " : A * cut-off wavelength (cm) _
E\;:: i A. = guide wavelength (cm) . :
; ] b - width and height of tectangular war suide (em)
3 f Tyofp  » eadil of inner and ourer conductors of coaxial waveguide (cm)
1 % « mdius of cylindrical waveguide (cm)
. v
3
11.
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1L, THEORY OF BREAKDOWN

In & bigh frequency ga‘s discharge breakdown, the primary ionization c.e to the clectron
motion is the oaly production mechanism which controls breakdown, The discharge breakdown oce
‘curs when the production in electron density due to the ionization of the gas becomes greater thag
or equal to the loss of electrons by diffusion to the surrounding walls and atrachument to neutral gas

moleculess A detailed atudy of the build-up of the discharge is obtained from considering the cons
tinuity equation for electrons

[ e

n/ot = via - v + Vz.([h) . 1)

Eq. (1) states that the net number of electtons produced per second, du/dt, is equal to the cumber
of electrons produced per second by ionization, v;a, less the aumber of electrons lost per second’
by sttachment, v g, and the number of electrons lost per second by diffusion, ~V%(Da).
The coefficients v, ¥,, and D are obtained ..s a function of electron average energy from messures
ments of diift velocity, average energy, Townsend lonizatics coefficient, aud attachment coefficient
which have been reported in the literature from experlments involving d.c. electric fields. The solution
of Eq. (1) is feasible provided the comrelation between aversge electron energy sad the applied
microwave field has beer established, - o

A study of e electron motion in & microwave field shows that the electron average
energy will be modulaced in time ac a frequency which is twice the microware frequency, The de—
gree of energy modulation depend- upon the ratio of the electron eaergy telaxation time to the
petiod of oscillation, Ia ale, vhere the energy losses due o molecular vibeational and sotational ine
elastic collisions are large compated to the energy losses due to elastic collisions, the electrons

fose theit energy vecy mpidly so that the electrvn energy relaxation time can be compamble and
even smaller than the period of oscillation,

[Te——

PRSI S

At low pressures or short wavelengths, the energy te!s vatisn time is latge compared to
& period so that the degree of energy morkiation is negligible a+d the clectron average energy can
be consideted as independent of time, In this case, the high &egiency field can be replaced by »
propecly defined effective dic, field according to

- e

E, = E, /[1+(¢o/1‘)2]" © B, 1 36/p, N2 (2

The term [1 + (w/ﬁ'c)zlx is a measure of the efficiency of ene:,y nensfer fom the microwave
field to the electroa, The efficiency of energy tansfer decreasen a5 the pressure or waveleagth
decrenses, with the efficiency term becoming important for p A less thun 200, £ plotof E, /E,
as a function of PoA is shown ia Figure 1. The coefficients in Eq. (1) can be de termined directly
by considering E, as £a equivalent dic. field,

For p A Insger than 250, the energy relaxation time becomes compstable to the period
and the degree of ensrgy modulation becomes impostants The actual time variation of the electron
eneegy in A given microwave field is determined from a solutiva of che eaeegy balance equation,
The solution of avemge energy as & fuactioe time coupled with the known vasiation of ¥}, ¥,, and
D with average energy detetmines the time vasiation of v;, v, and Di These functions are now

. 2
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averaged over time, since it is the l’vera'gle value of the coefficients which is important, The time

: average of the diffusion coefficient is failcly independent of the degree of energy adulation and
Yoo can be determined directly from the value of E, as in the low pressure-wavelength case. ‘Howerver,
: this is not the siteation for the frequenciie§ ~f fonization and attachment. The time average of
T ' v - ) /p, a3 8 function of Es /p is shwwa in Figure 2 for various values of po,\. It is observed
} - . that the effect of energy modulation is @ finc’ease significantly the net average rate of the electron
’% h ' _ . production. This occurs since the lonizmtion rate increases very rapidly with the electron ‘energy
1 g . s0 that the peaks of energy in the modulwsion cycle praduce large velues of electron icnization,
;§ . . N For simplicity, it is desirable to condensi¢ these curves to one single cucve, This Is readily ace °
1 . complished by normalizing the various cur¥¢s t0 the curve correaponding to p A=0. The cans-
‘3; . formmtion is given by ) ‘ ) '
§‘ o : , _ (E/Poh -- A '= EJp, e
A :i L " where A, the nomslizing factot, is plowad as & function of p ) in Figure 3, Thus all the cutves -
- I are reduced to the one curve correspondinig o P.X =0, The value of E /p, corresponding to a
,.‘ " given value of (ﬂ___.) .nd P,A can be siitained by subtracting A fxvm the normalized valve of
o ! E /pos bies the ulue of E/p, comnpon&ms 0 p A =0 ‘
e {v k ’i T . The moat general solution of the coatinuity equation, Eq. (1) can be written as
[ti ¥ N . P . : .
; i - \i Co C 'c“(nb/no) - [<yi - "->/Po + (Vzbn) /po“] potb “
. 3 : 3 vhere n, i« the tuid;ul electron density produced by extemal radiation, which may be in the form
iy E a8 of & sadioactive source near the discharge fegion, ny is the electron density at breakdown, and ¢,
t 1l 3 Ll is the time at which treakdown occurs, Eq: (4) is a boundary value problem since the condition
}‘ .. i ﬁ that the electron density is zero at the walls of the surrounding vessel must be satisfied, Three .
e £ : ; distinct breakdown conditions will be tresvd; breakdown using cv: pewer, beeakdown using s single |,
A k é' rectangvlar pulse, and breakdown using sectangulae pulees at vatioun fepetition frequencies, For
fi ? e discussion sake, the case of beeakdown between two infinite parallel plates, scparated by & dis-
,:: : : ‘g - taced with a uniform electsic field will e sonsidered, ‘!
i} : é ' A C¥ Breakdowa : - g
-4 it The condition for cw breakdow:n is thas the production of electrons i3 equal to the loss
T 1 > i of electrons and is expressed by the relaciion
Z‘ j g = VP H VA Dn)/n = o (5)
'“ 4 ; 5 N This is evident from Eq.(4) siace the density at lreakdown, which has a finite value, is allowed
b 3 ] f to baild up in an infinite sime, The solucise of Eq. (5) is shown in Figuce 4 for the case of infinite
-.‘»: L. i: 4 parallel plates where the normalized value of E /P, is plotted as a function of the wriable p d,
"yE ~ T pressute times gap disteace, It Is seen thiat for large values of p d, attachment is the dominant
} " ' loss mechanism so that the breakdown fieis becomes independent of the dimensious of the cone
g ’ k ' taining vessel, As diffusion becomes impsstant or as the value of A changes, the value of E ./p,
Pt “ as & function of pressure is not constant ikt rather increases with decreasing pressure, thus
; ” j ’ emphasizing the error in the assumption tht the power is proportional to the square of the pressure,
NF ’
¥ X
" - A ,
2l 1
2B
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Because of the normalization process, the curve for (E./p, ) is independent of pAs Howevet,
" die walue ?f E,./P, at® given value of p A and p_d is readily computed from Figuce 4 by using
e curves of Figures 1 and 3.

B. Single Pulse Bieakdown

_ When a pulse cf miciowave powes is applied, the condition that there exists a balance
berween the electron production and electron loss is no longer valid since the breakdown must
ocear within & finite time interml, In the case of single pulse breakdown, the power pulse of
width r seconds {s applied individually so that there is no influence of one pulse on the succeeds
ing ones For this condition Eq. (4) becomes

aeaa -

. »cn(n,,/n,)7p°r . <wmv /Pt (Vzbn)/pon ' ®)

Figure 3 shows the single pulse breakdown curve for the normalized effective field as a function
, of pressure times pulse width for various values of Pods It is observed that as p r decreases the
effect of diffusion in temoving electrons from the discharge region is minimized, In addition in

3 ‘ . The ratio of a Vo . is assumed to be 10% since this mtio yields the best :gx:eemenc between theoey
and experiment. Becausze cf the logarithmic nature of the mtio, an order of magnitde change in

nb/n , changes the breakdown field values by only a percent or so0,

C. Multi-Pulse Breakdown )
Application of a series of microwave pulses at a given repetition mte can have che
effect of lowering the breskdown field below that for the single pulse breakdown. Electrons pro
. duced in one‘pulae, sithough not sufficient o produce breakdown can increase the initial electron
denaity foe the succeeding pulse and eventwslly 2 pulse will occur in which breakdown can take
place. The condition that such a process is feasible depeads on the removal mechanisms of the

el ,, i these removal mechanisms in air. Figure 6 shows experimental data® of the nommalized breakdown
g%é X ‘ " field as a function of repetition rate for vadous pressures using a 0,8 microsecond pu'he under cog=
ey f 2 ditions of infinite parallel plate geometty. It is seen that there exists a region of breakdown field
z' ‘: { which is independent of repetition mte, the single pulae breakdown field; a tmnsition to the cone

b - ;2 dition whete the repetition mte becomes important; and at higher repstition mees, not shown, the

breakdown field would approach the cw walue, From 300 to 1000 mm Hg, the breakdown field at
1000 c.p.s. is easentially the same as the single pulse breakdown value, Thus the single pulse

conditions places a lower limit on the field, and the multiple breakdown field can be aaywhere
X within these limits depending oa the experimental conditions.

IV. EXPERIMENTAL LIMITATIONS
Before proceeding to the computations of the power handling capacities of pmctical
waveguide syatems, it is desirable to discuss the effects and limitotions of a number of experi-

4
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&e lmic of high preesuze or long pulse width, the pulsed breakdown Geld approaches the cw value, .

electrons during the int‘erpulse period. Unfortunately there exists very little information concetning

breakdown conditions imposes an upper limit on the walue of the breskdown field, the cw breakdown

mentsl pasameters, These factors must be taken into account in any experimental investigation and
in propet interpretation of the theoretical breakdown curves to be presented in the following sections.
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- B - A. Effects of Pulse Shape on Brukdown s ’ ' .
' . T . * In developing the theory of pulsed breukdown, it has been assumed that the pulses of
4 TR N microwave power are rectangulsc in shape, In practice, such is not the case, However, most

pulses can be :eprclénted to the first approximation as trapezoidal in shape, A typical envelope
of & microwave pulse is shown in Figure 7 as the solid line. The equivalent trapezoid used to
appeoximate this pulse is tepresented by the dotted line. The hatched portion represents the
portion of the pulse which will contribute to breakdown; 1.e. that portion of the pﬁhe in which the
electric fleld is larger than the cw value. Calculations show that for¢,/t, and t,/tz less than

. one, the trapezoid pulse niny be replaced by an equivalent rectangulac pulse of width ¢, seconds.
Fot example, the equivalent rectangular pulse in Figure 7 is 0.8 microseconds, Therefore, in
incerpeeting the theoretical breakdowa curves, the equivalent rectangular pulse width of the power,

" pulse shculd be used. In general, for more complicated pulse shapes, the value of the beeakdown
field must be computed numerically from Eq. (1). For this case, a definition of pulse width is no

- longer applicable and each case of breakdown must be computed individutlly. -

The culcvhti:'mc of peak power from average power measwrements involves a different

definition of pulse width, For an atbiteacy pulse shape the relmon between average power nnd
penk rower is given by '
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The peak power is 'integuted over the time of the puise. For the trapezoidal pulse, the time
[eg+ (ep + t3)/ 2) is the corresponding rectangulac pulse width which is used in interpreting the
power measurements. In Figure 7, the actual srea under the pulse was measuted yielding a pulse
. widkh of ohe microsecond to be used in the calculation of peak power. This diffecentiation in the
definition 3 pplse width m\m be considered for propes interpretation of the experimental measures
E ments, Do
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B. Effects Of An Extemal Radioactive Source On Breakdown
. A svfficiently strong radioactive soutce is necessary in order to fnsure that a sufficient
nunber of electrons are present in the d’scharge region so that che statistical fluctuations in the

3
A S e b

v I !' - " breakdown field are minimized, Tu the experiments at Mictowave Associates, Inc, & radioactive

: ' source of cobale 60, 80 millicurie in strength, was used, A typical curve of the sparking probability,
L.e, the number of breakdowns per pulse, as a function of relative incident power for various values
of lead thickness between the source and the dischusge region is shown in Figure 8, The conditions
of the measuremerts are atmospheric pressure, 0,8 mictosecond pulse width, and 1000 c.p.s. reper
tition zate, The number of breakdowns is determined from the number of light impulses detected by
a photomultiplier which are counted on a standard Beskeley couvnter, This wotk and the resules
reported by Cooper? demonstrate that the sparking probabilicy is s function of the irradiation cone
ditions of the dischatge region and mictowave field, whereas, there exists a theeshold value of
breakdown field which is faicly inseasitive to the irzadiation conditions. The theoretical pulsed
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breakdown field represents the minimum field necessary for breakdown and, conse quently, is
agsociated with the threalnld value of breakdown. Rather than establishing the chreshold field
from cucves s shown in Figure 8, which can present a tedious cask, the threshold field can be
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sssumed .whe;\ a sparking probability of 10° exis.u. Thus & strong radioactive soutce is desirable
" in order to eliminate the necessity of determining sparking probability curves for every experimental
cendmon snd to enhance the accuracy sad reptoducxbdity of the threshold field mensuremenu.

o Effects Of Temperature and Altitude On Breakdnvn
Al gae pressures used in the computation of breskdown electric field values must be-
teferred to 20°C (293%), Since the mechanisms conttolling breskdown depend upon gas deasity, it
was necessaty to normalize the peessure to some convenient reference tempetature, For any given

condition of pressure, p, and tempesature, T(*K), the ptuaure normalized to 20°C, g is readily
computed from the exyenmou

Pq = (293/Thp | ®

In considering the pressute cotreaponding to a given altitude above sea level, it is necessary to
cotrect for the change in gas temperature with altitude, Figwe 9 shows presasure, normalized to
20°C, a8 a function of altitude 19, The correction for the decrease in.gu.tempeutm as the altis
tude Increascs has been included in Figwee 9, '

D. Varlation of Breakdown Power‘wit!: Voltage Standing Wave Ratio - .

The heeakdown power capacities ate computed on the assumption that no standing
waves exist in the section of waveguide of interest, The presence of a standing wave, and Lence
a mismatch, will deteriorate the power handling capacity of the system. The relation between the
actual breakdown power, P, and the breakdown power for & matched waveguide system, P_, as &
function of voltage standing wave ratio, VSWR, is givea by )

r

P_/P = [2VSWR/(VSYR + 1)]? ! )

This relationship is plotted in Figure 10, The breakdown power computed in the following sections
must be cotrected for any standing waves present in the discharge region according to Eq. (9)

E, Varistion of Breakdown Power With Repetition Rate
The bzeakdown powers for both cw and single pulss conditions for the various wave.
guide systems are computed in the following sections, A quantitative treatment of the effect of
repetition rate on breskdown power is not available because of the Iack of information concerning
" the interpulse electron removal mechanisms, However, the single pulse breakdown condition ime
puses an uppee limit on the breakdown power whereas the cw breakdown condition imposes & lowet
limir on the breakdown power. Measurements of breakdown power as & funetion of zepetition rate ine

= E o dicate that there exints a wide range of repetition rates in which the single pulse breakdowa condie
i + tions are valid, This range of repetition rate is given approximatcly by the condition that the repetie
‘r: h T tion rate be {eso than three times the pressure. Figure 11 shows the region of repetition rate in
: ; . which the single pulse breskdowa conditions are valid. For the region where single pulse breakdowa
? " conditions are not valid, the variation of breakdown power with repetition rate must be detesmined

)
{ experimeatally ia order to obeain an nccurate value of breakdown power,
i .
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V. REC‘I‘ANGULAR WAVEGUIDES

‘The breakdown power as s function of. openting parameters will be considered for the

_tigid rectangular waveguide openting ia the dominant ot TE m mode. The electsic field cenlign-
sation for this mode {n terms of the r.m. s, ﬁeld is -

Ea E JC08{ 7 x/a) (10)

Tbe maximum field intensity is parallel to the narrower dimension of the guide, :mdway between the
side walls and is independent of the distance from the wide faces of the guide. The relation be-.
tween the power carried by the waveguide and the maximum r.m.». electric field is
2 .
P = 133 x 1073(ab) (A/X,) (B, ) an
il the field E___ is ex'pcesaed in voit/cm and the dimensions of the guide, a upd b, ace expressed
in centimeters, the powes, P, is obtained in watts. The guide wavelength is given by
A = M1~ (A/A‘m%' a2
where A, the cux-off wavelength, is equal to 2a, A plotof A/ A, a8 a function of A/ A is shown
in Figute 12, Cutves for compyting breakdown' power will be given for dszerem ratios of a/b, The'
following will be considered:
1) Full height waveguide; a/b equsl to 2
2) Yalf height waveguide; a/b equal to 4
3) Nazxrow height waveguide; a/b greater than 8

_ The conditlons of breakdown aze dete,mined frong a solution s.f the following differential equation

. obtained from the continuity equation, Eq. (4)

'Fﬁ(ﬂb/no)/Pof - <y~v,>/p, +[§_§§%), +%ypz“)] /po8

(13)

The coefficient v, v, and D are functions of position in space since the electric field is a
. function of position according to Eq. (10), Eq. (13) iz solved subject to the boundary conditions
thae the electton density vanish along the inside walls of che waveguide,

_ The solution of Eq. (13) yields the ratio of normalized effective breakdown field to
pressute as a function of experimental parameters, The normalized effective breakdown field is
teansformed to the corresponding r.m.s, field by applying the correction for energy modulation ace
cording to Eq. (3) and Figure 3 and the cortection for efficiency of energy transfer accotding to
Eq. (2) and Figure 5, These corrections depand on the product of pressure times wavelength so
that the power, given by Eq. (1), depends on frequency not only through the term (A/A ‘) but also
through the r.m.s. field. In comparing the various waveguide sizes, it is more convenient to trans-
fotm Eq. (11) to the following form

PA/AY/ abp, ) = 133 x 10°3(E,, /p,)} = K (10

7
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For a given waveguide size, K will be a function of frequency because of the &equ;ncy dependence
of E_ .. Therefore, in presenting values of X at breakdown as a function of experimental para-
metess, the mid-band frequency of the particular waveguide is used in the calculations, The data
will be presented so that the breakdown power can be computed for any frequency over the operating
range of the waveguide and for aiy particular experimental conditions.

A, CW Breakdown Power’ :
The solution of Eq. (13) for the condition of cw breakdown is shown in Figure 13. The

.+ tatio of normalized cw breakdown field to pressure is plotted as a function of pressure times the

height of the waveguide for values of 8/b equal to 2, 4, and geeater than 8. From Figure 13 and
Eqns. (2), (3), and (11), the cw breakdown power can be computed for all rectangulat waveguides as
a function of pressute. Table I shows che list of the RETMA standard for rigid rectangular wave-
guides, Included are the frequency range for the dominant TE 10 mode, the waveguide inside dimen~
sions, the cutoff wavelength of the TE;, mode, and the cw power ra.ting at atmospheric pressure
for the lowest and the highest frequency. The cw breakdown power in terms of X is plotted as &
function of pressute in Figure 14, The curves for the most common waveguides at midband frequéncy
are shown. It is obvious from Figute 14 that the ratio of breakdown power to pressure, P/poz, is
not constant as a function of pressure. The deviation becomes especially important at higher fre-
quencies and a¢ lower pressures, The assumption that beeakdown measurements taken at low -
peesawren in a given waveguide :}stem can be extrapolated to higher pressures by nsumiﬁg P/p°z~
constant will lead to erroheous values for the higher pressuce breakdown power, Any particular
wavegulde size and frequency not included in Figure 14 can be computed directly from Figure 13. .
Typical examples of the computation for breakdown power will be given in & following section.

B. Pulsed Ez:akdown Power .

“The solution of Eq, (13) for the condition of single pulse breakdown is shown in
Figutes 15 and 16, The zatio of the normalized single pulse breakdown field to pressure is plotted
as & function of pressure times pulse width for various values of pressute times waveguide height.
Figure 13 corresponds to the condition of a/b equal to two and Figure 16 cortesponds to the cone
dition of a/b gteater than 8. The curve for a/b equal to four is not shown but can be computed by
interpolation from Figures 1% tg 160 " A 'value of ny/n, equal to 108 is used in computing Figures
15 and 16, This value implies n racher large external radioactive soucce i the vivioity of che
discharge region, however, even in the ¢ase of no external source it includes ble.nkdown due to
occasional large burscs of cosmic radiation. The single pulse breakdown power in terms of K is
plotted as a function of pressure for & pulse width of one microsecond in Figure 17, The breakdown
power for any other pulse width can be computed dicectly from Figure 15, Figure 18 shows the
single pulse Ixeakdown power in terms of K as a function of pulse width at atmospheric pressure,
These cutves are different for other values of pressure, The curves for WR-187, WRv284, and
WRG50 are identical and the factor X is independent of frequency for these three waveguides,

C. Numerical Examples Of The Breakdown Power Calculations

Examples of the procedure to fallow in computing the breakdown power for a given set
of conditions will be presznted by outliniag in detail the solution of a number of typical problems
for each waveguide system,
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S A St ' l) Problemz Compne the alngle pulse breakdown power of wx-nz aad WR-90 waveguides at 40 mm
- ’ ' Hg using a rectangulas power pulse of 1/2 mictosecond pulse width and & frequency
oyt S of 9000 megacycles/sec at 20°C, , :
: : Solution: The solution for each waveguide will be conudeted separately but tabulated side by
side,
¢ " #) Using Table i compute the following =~ - (ab) 3.59 .23
: - quantities (A/A) ~ . ossd 0.728
- Peb | 30.5 - 03
: C L ‘ S Nt 133
Co Po? 2x10% | 2x10°
. b) From Figure 12 determine S 0810 - 0.682
c) From Figure 15 Jetemin; T (8./p.°)n '51. - . 51 Ce -
. d)Fron Figure 3 determine  * ~ - A . X TN X 1
" and using Eq. (3) . . EJp, . 0.8 . 50.5
. " "e) Multiply by'p, toobealn ' E, . 2020 . . 2020 '
B . ) From Figure 1 determine . ) ErmeEe 1.03 R X i
: S and compute o Erne 2080 © 2080
) From Eq. (1) compute o P 167kw 9.2 kw

RIS,

Fot the coadmons of the problem the breakdown power of WR-112 is 16,7 kilowatts and the
breskdown power of WR-90 is 9.2 lu!omml.

2) Prob!em. Compare the cw breekdown power of WR-187 for both full height and half henght wave-
‘ guide at 5000 megacycles/sec, The pressure is 20 mm Hg at 100°C,

+

Solution: The solution for each case will be considered separately but tabulated side by side,

e
NI Tty 0 v vt e,

¥ Full Height  Half Height
"- Poemb iy ~ vy ——— A
{‘ ) Normalize the pressute according Po 15.7 15.7 '
1{7 ~ to Eq. (8) to 20°C . '
% b) Using Table I compute the following " (ab) 10.5 3.25
13 quantities ' (A/A) 0,632 0.632
- '
N I Pob 34,8 _ 17.4
) 3 o P 95 95
i ¢) From Figure 12 determine (A/3,) 0.773 £ 0,773
d) From Figure 13 determine - (E /po)n 33 34,5
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Full Heig_h;t_ Half He_ig!_\s '

¢) From Figure 3 detemine A 0.3 _ 0.3
. and using Eq. (3) _— E,/P, % A 34.2
 DMoltiplybyp, to cbealn E, TV S 527
8) From Figure 1 deteraine E,_,/E, 107 - 1.07
and compute E_, . 550 575
h) From Eq. (10) compute o P © 3.25kw . 1.78kw

Fog the conditions of the problem the breakdown powé for full height guide is 3,25 kilowatts
and for half height guide 1,78 kilowatts, ' : ‘

.3) Problem: Compute the sﬁgle pulse breakdown power of WR-19 waveguide operating at 1600 mm .
Hg aad 20°C using a rectangular power pulse of 0,1 microsecond in widthand a )
" frequency of 50,000 megacycles/sec,

Solution: . - WR-19
s) Using Tnb!e.'], compute the T (k) - 0.116
* following quantities ' AN, ' 0,615 o
. . ' P ) 384 ] e
‘. . L. POA . . 060 .- '
) : Py 1.6 x 1074 :
b) From Figure 13 determine Ma, 0.79
¢) From Figure 15 determine . (E,/p,)n : 37.3 .
d) From Figure 3 determine ’ A 3.7 N
and using Eq. (3) . E,/p, 33.6
¢) From Figure 1 determiae E,.,/E, 1
) Multiply by p, to obtsin E,, - $3,800
8) From Eq. (10) compute . P _ 35_4 kw
’\_‘r{!‘ . R Thus the single pulse breskdown power for the above conditions in WR+19 waveguide is
. Co 354 kilowatts, '

V1. COAXIAL WAVEGUIDES i

The breakdown power as a function of opemting pamameters will be considesed for the
rigid coaxial waveguide operating in the dominaat or TEM mode, The electric field configuration
for this mode in terms of the r.m.s, field is

. >
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1 E = Bp,(1)/1) (15)
] The maximum field intensity occurs at the inner conductor radius, 1), and is represented by E,
3 10
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" The relation between the power carried by the waveguide and the maximum r.m.s. electric field is

P (ep¥lale,/r) (En2/30 - (16)

The calculations of breakdown ficld are petformed for coaxial systems having an impedance of 50
"“ohms. This cotresponds to a ratio of outee conductor to inner conductor, ‘z/'v of 2.3, The cone
 ditions of breakdown sre determined from & solution of the followiug differential equation cbtained

8

: . . fror the continuity equation, Eq, (4)
de . .
i S 1 9 fr2o N\
- f;! ‘ 4n (nb/“o)/Po' w <= >/pg ¢ | T 3 \ 22 )| Pem A7
P 55 The coefficients ¥y vg and D are functlons of radius since the electric field varies according
B fr to Eq. (13)« Eq. (17) is solved subject to the boundary conditions that the electron denaity
2 B J
IR %,f vanish along the walls of the inner and outer conductor. The solution of Eq, (17) yiclds the
I \s- i - atio of normalized effective breakdown field to pressure as & function of experimensal parameters. g
-4 . cbmpuing the breakdown power of the various coaxial sizes, it is more convenient to trana-

SO
T

A TRE

fotm Eq. (16) to the following form

2} - | PApys,? = O2B(E,, /p)? = K (18) \
4 \g For each coaxial size, X will be computeci for a typical frequency. The data will be presented so ‘
§: - ;; . that the breakdown power caz be computed for any frzquency over the operating tange of the cor
ﬁ ¢« 3 5‘; cxial waveguide and for any particular expesimental conditions.
ig : . § ? A, CW Breskdown Power _
; Te % H * The solution of Eq. (17) for the condition of cw breakdown is shown in Figure 19,
£ 3 gj The ratio of normalized cw breakdown field to pressure is shown as & function of pressure times
B 1 f.‘ ’ {aner conductor radius for a ratio £, /'1 equal to 2.3, From ¥'gure 19 and Eqna. (2), (3), and -
:‘ g Q (16), the cw breakdowa power can be computed for all couxial waveguides of 50 ohm impedance
’: ] , : as & function of pressure. Table II shows the list of standard coaxial waveguides, Included are
% ; ;’t; the frequency range for the dominant TEM mode, the inner and outer conductor dimensions and the .
f : cw power rating ac atmoapheric pressure, The cw breakdown power in terms of K is plotted as &
14 function of presswie in Figure 20, The curves for the most common coaxial sizes and cypical
] :’ frequencies are shown. Any particular conxiel size and frequency not included in Figure 20 can
Y be computed directly from Figure 19, Typical examples of the caiculation for breakdown power
3 : . will be given in a following section.
i .
,? B, Pulsed Breakdown Power
3 " . The solution of Eq, (17) for the condition of single pulse breakdown is shown ia
: ;:‘ Figure 21, ‘The ratio of the nomalized single pulse breakdown field to pressure is plotted as &
function of pressure times pulse width for various values of pressuce times nner conductor radius,
F o A value of ny /) 2qual to 10 is wised fn computing Figure 21, The single pulse breakdown power
1 ﬁ, in terme of X for the most common coaxial systems is plotted as & function of pressure for a pulse
’ width of one inicrosecond in Figure 22, The breakdown power for any other pulse width cas be
3 11
7 b, .I‘
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computed directly from Figure 21, Pigure 25 shows the single pulce breaicdown power in terms
of K as a function of pulse width at atmosphetic pressure. These curves are different for other
values of pressute, The eunee for RG153/U, RG154/U, and KG152/U are identical and the
factor X is independent of frequency for these three coaxial waveguides. These curves s.present
typical operation under normal pulsed conditions, -

C. Numetical Examples Of The Breakdown Power Calculanons
1) Problem: Compute the cw linakdown power of RGISUU coaxial waveguide opennn; at
100 mm Hg und 20°C and at a frequency of 1000 megacycles/sec,
Solution? - ) RG154/U
a) Using Table II compute the ‘ s . 5 . ) 3.30
following quantities Poty 167
"PoA 3000
b) From Figure 19 determine I (E,/po)n 33.8
" ¢) From Figwe 3 determine : A 5.3
and using Eq. (3) I . (E/p) . . 283
d) Multiply by p_ to obeain o : By - . 2850 .
) Fiom Figure 1 dstermine - . E,ns’Ee. 1 ' . : 1
" and heace . e Eipe . 2830
f) From Eq, (16) ot (18) compute . P 625 kw
For the conditions of the problem the cw bteakdovm power of RGISUU coaxial waveguide is
625 kilowatts, .
' 2) Problem: Compute the single pulse breakdown powet of RG151/U coaxial waveguide
' operating at 760 mm Hg and ~15°C and using a rectangular power pulse of 2
microseconds in width and & fzequency of 9000 megacycles/sec,
. Solution: : RG151/U Y
: o 8) Normalize the pressure according Po '860 !
- Y _ to Eq. (8) to 20°C ’
Y. . . '
:::: b) Using Table If compute the .'l ’ 0.159
if: 1. following quantities ' Poty 137 . .
R ‘ . P 2800 :
: : i P’ 1.72x10% )
s} ' ¢) From Figwe 21 determine (E,/p)n 35.8
ke d) From Figwe 3 determine _ A 54
,::f . ; and using Eq, (3) EJP, 30.4
4 ! : : '
- 1 ¢) Muldiply by p_ to obtaln E, 26,200
1 ’ 12
|
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v f) From Figwe 1 determine .~ E,../E. 1
aadhence | . . _ Eins © 26,200
v g) From Eq. (16) ot (18) compute . Cop - 490 kw

The single pula.e beeakdown powet for the above conditions in RG151/U coaxial waveguide is
490 kilowatts, ' ‘ S '

e ARt el g e, wmatem o = s 0 sene 4 wle

Vll. CIRCULAR WAVEGUIDE - TEy MODE

The breakdown power as a function of operating parameters will be considered for the
rigid circular waveguide operating in the dominant or TE;, mode. The elecisic field eonfiguration
for this mode in terms of tne maximum r.m.s, field ic

: 2] (1.84¢/e)

(19)

Eg=E. ., [10(1.84:/1',) - J'z(l.Bdt/to)] ‘cosf

where £, is the radius of the circular conductor. The electric field bas compornts in the radial
ditection, E,, and in the angular direction, EO' and is n function of radius and asgle within the
ciscular cross-section. For simplicity in solving the continuity #quation, the sngular dependence .
of the electric field is removed by considering the electric field to be averaged over sagle, With

TR AT RP s T 1 s ST TR 0 (P e A T BT et st
. . .

.o this assumption the magnitude of the electric field at a given radius is expressed by

- po Eime [[0880/00] 2 + Do184e/5) - 084072, 2}”
. 1141 L ltuf/fo ’

(20)

The relation between the power cmied.by the waveguide and the maximum r.m.8. electric fiel
is )

P = 3.98 x 1073 (A/A) (B, . )? (21

wper

The guide wavelength is determined from Eq. (12) and the cut-off waveleagth for this mode is A_
equal to 3.41¢,. ‘ .

) The condlitions of breakdown are determined from a-solution of the continuity equation,
given by Eq, (17), subject to the boundacy condition that the electron density vanish ulong the
lnaide walls of the circular guide, The coeficients vj, v, and D ste functions of radius because
of the radial variation of the electric field as determined by Eq, (21). In comparing the breakdowa
power of the varlous cylindrical waveguide sizes, it in moze convenlent to zsnsform Eq, (21) to

. " _~‘
—

R R il e LIS S

the following form
a C PNt = 398103, /B, = K (22)
’ For each cylindrical waveguide, K will be computed for the midband frequency, }

A, CW Breakdown Power
H : The solution of Eq. (17) for the condition of cw breskdown is shown in Figute 24, The

: . ! 13
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. ratio of normalized cw breakdowsn field to pressure is plotted as a function of pressure times ¢con- | .
1

ductor radius. From Figure 74 and Eqns. (2), (3), and (21), the cw breakdown power can be com:
puted as a function of pressure for all circular waveguide sizes, Table IIl shows the list of )
" common wnvegui&e slzes for 'I'El" opetation, These waveguide sizes have recently been standard-
ized by the RETMA. Included in the table are the frequency range for TE,; operation, the wave-
guide dimension, the cut-off wavelength, and the cw power rating at atmospheric pressure. The
‘ew breakdown power in terns of K is plotted as a function of pressure in Figure 25, The curves
foc the common cylindrical sizes and midband frequencies are shown. Any particular cyliudtical
siu and fxequency not included Ia Figure 235 can be computed directly from Figure 24.

B. Pulsed Brenkdown Power. :
The solution of Eq. (17) for the condition of single puhe breakdown is shown in
Figute 26, The ratio of normalized single pulse breakdown field to pressuze is plocted as » - .
function of pressure times pulse width for vatious values of pressure times conductor radius. A '
" value of ".b/”o equal to 10% is used in computing in Figure 26. The single pulse breakdown "
- power in terms of K for the common cylindrical waveguides is plotted as & function of pressure
for a pulse width of onc nicrosecond in Figute 27, The breakdown power for any other pulse
width can be computed directly from Figure 26, Figure 28 shows the single pulse breakdown -
powet in terms of X &g 2 function of pulse width at atmospheric pressure. These cutves repree : h
sent typical operation under nomal pulsed conditions, ' '

C. Numerical Examples of the Breakdown Power Calculations ' o . ¢ C. :
1) Problem: Comparte the cw and lingle pulse breakdown powers of WC-28 circular vnve;uide
g operating in the TE, mode at 24 kilomegacycles/sec. The power pulse Is'.1
microsecond rulse width and the pressuze is 300 mm Hg at 20°C, ;
Solution: The solution for each condition will be considered separacely but tabulated side by !

side .
. ) _ o Single Pulse
s) Using Table Il compute o £, . 336 356
the following quantities AN, . 768
: Pot, 107 107
PoA . 3718 375
Por. ‘ ' 3x 1073
b) From Figure 12 determine A/ A. - 64 64
¢) From Figures 24 and 26 determine  (E, /p )n 3t.8 . 47,3 ’
d) From Figure 3 detemine A 14 1.4 ,
and uaing Eq. (3) E R /p. 30.4 ' 45.9 -
e) Multiply by p, to obtain E, 9,100 13,800
f) From Figure 1 determine E,ndEe 1 1
and compute E. . 9,100 13,800
8) From Eq, (21) compute P 26.4 kw 61 kw
14
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For the condxtions of the problem, in WC-28 circular waveguide the cw bretkdown pewer is 26.4
kilowatrs and the amgle pulse bre.sdown power is 61 kilowaees,

2) Problem: Comyute the cw breskdown power for WC-59 waveguide at a pressure of 760 mm Hg for

temperatures of 20°C and 200°C. The frequency is 16,000 megacyclea/:ee.

Solucloms S wec - awec
"a) Notmalize the pre;sm o 4 , Py . 760 470
sccording to Eq. (8) to 2o°c S '
' b)Using Tablé TH compute the  ©- s as 754
following quantities o (A/x) 73 ' 73
: ' ' ' "Pote . 572 © 354
PA 140 880
c) From Figure 12 detemslae MA,. .68 e
d) From Figute 24 determine o (E,/p), . 355 318
¢) From Figure 3determine .~ - * .. A YR Y
and using Eq. (3) S E,/p, 27 28.1
- £) Multiply by p | to cbain : E, 20,600 . 13,200
8) From Figure 1 determine ‘ © B/, 1 - 1
and compute ' E . . 20.600 13,200
_ b) From Eq. (21) compute P 650kw 267 kw

For the conditions of the problem in WC-59 circula: waveguide the cw breakdown power at
20%C is 650 kilowatts and at 200°C is 267 kilowasts,

Vil CIRCULAR WAVEGUIDE - TE,, MODE
The breakdowa power ss a function of operating parameters will be considered for the

rigid circular waveguide operating in the TE; | mode, The elecerlc field configuration for this
mode in terms of the mayimum t.m,s. field is )

E = (E,,,/582)] (3.83t/s) @

The electric field is directed perpendiculas to the radial direction and has & null ac the center of

‘ " the waveguide and at th:c walls. The maximum field intensity occurs at & value of radius equsl

tv 0.48 times the conductor radius, The relation between the power carried by the waveguide and
the maximum r.m.s, electric field is

P = 3.98x 103(c,02 (A/A[)(E, )2 (24

The guide wavelength is determined from Eq. (12) and the cut-off wavelen;th for chis mode is A
equal to 1,64 ¢,

The conditions of breakdown are d_etexmined from a solution of the coatisuity equation,

13
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given by Eq. (17, ‘subject to the boundary condition that the electron deasity vanish along the ine
side walls of t".~ :ircular waveguide, The coefficients V) Vg 80d D are functions of radius
because of the radial variation of the electric field as determined by Eq. (23). In compacing the
breakdown power of the varlous cylindrical waveguide sizes, it is more convenient to transform
Eq, (24) to the form of Eq. (22). For each cylmdncal w:vcguide, K will be computed for the mide

baad frequency.

A, C' Bren.kdown Power

‘The solution of Eq. (17) for the condnion o! cw breukdown is shown in Figute 29 whete
the ratio of normalized cw breakdown field to pressure is plotied «s & function of pressure times
conductor radius. Table IV shows the list of common waveguide sizes for TE, operation which
have recently beea standardized by the RETMA, Included in the table are the frequency range for

'TE,, operation, the waveguide dimensions, the cur-off wavelength, aad the cw power rating at

stmosphetic pressute, The cw breakdown power in terms of K is plotted as a function of pressure
in Figure 30, The curves for the common cylindrical eizes and midband frequencies are showa.

B. Puised Breakdown Power .

The solution of Eq. (17) for the condition of single pulse br;akdown is shown in Figure

31 where the ratio of normalized single pulse breakdown field to pressute is plotted as a function
of pressure times pulse width for varlous values of pressure times conductor radius. The single
pulse beenkdown power In terms of K for the common cylindrical waveguides at the midband free
quency is plotted as a function of pressure for a pulse width of one microsecond in Figure 32,
Figuxe 33 shows the single pulse breakdown power in terms of K as a function of pulse width at
ntmospheri" pressure.

IX. CIRCULAR WAVEGUIDE - TV, ; MODE
The breakdown power «s & function of operating parameters will be consldered for the

sigid circular waveguide operating ja dhe TM,; mode, The electric field configuration for this
mode in terms of the maximum r.m.s, field is

E, = B,y Jo(2405t/5,)

(25)
Ep = Eppg (N /A,)11(2-405 t/t,) .

The electric field has components along the axis of the waveguide, E,, add in the radial direction,
E,. For nomaal TMy mode operation, the condition that s /A is less than 0.76 is satisfied so cthat
:he elecmc field which contzols bresldown is directed slong the waveguide axis, l.e. E,, Por

this case, the maximum field Intensity occurs in the center of the guide, The selation between the
power carried by the waveguide and the maximum r.m.8, electric field is

P = 15.4x100(A/A ) (s}/ A%) (E, )2 (26)

The guide wavelength is determined from Eq. (12) and the cucoff wavelength for this mode is A,
equal to 2.87r,,

The conditions of breakdown are determined from a solution of the continuity equation,
given by Eq, (17), subject to the boundary condition that the electron density vanish along the

16
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inside walls of the c‘ircuhr guide, In comparing the breakdowa power-of the various waveguide
sizes, it is convenient to transform Eq. (26) to the following form

POY/A) (/502 /0y /1) = l5-4xll'0°’(5‘;./p°_)2 «X  an

iy ‘ . . For each cylindrical waveguide, K will be computed for & typical frequeacy of operation.

B , A Cv _Bru'kdown Power . o

%ﬁ S ;‘ ) The solutlon of Eq, (17) for the condition of cw breakdown is shown in Figure 34 where
- &:f: the ratio of normalized cw breskdown field to pressure is plotted as a fuaction of pres sure times
jé‘é' conductor radius. As yet the circular waveguide sizes for ™y, operation havs not been standards

-

ized by the RETMA, Table V shows a list of common waveguide sizes for TM,, operation with
typical operating frequencies, The wayeyuide dimensions, cut-off wavelength, and the cw power
ratlng at atmospheric pressure are included in the table. The cw breskdown power in terms of K
is plotzed as & function of pressure in Figure 35, The curves for the common cylindcical sizes

sad typlcal frequencies are shown,
"B, Pulsed Breakdosn Power
. The solution of Eq. (17) for the condition of single pulse breakdown is showa in
' Flgure 36 where the ratlo of nurmaiized single pulse breakdown field to pressure is plotted as & S i '
fuaction of pressure times pulse width for vacious values of pressure times conductor radius. The .
’ _single pulse beeakdown power in terms of K for the common waveguides at typical frequencies s -
y plotted as a function of pressure for a pulse width of one microsecond in Figure 37, Figure 38
t’ - . shows the single pulse beeakdown power in terms of K as & function of pulse width at atmospheric
o ) .“ “‘ 5 ' peessute.
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- . TABLE | .
s STANDARD RECTANGULAR WAVEGUIDES
) ‘. : Dimensions and Wave Properties . _
% g INSIDE DINENSIONS CUT-OFF | CW¥ BREAKDOWN
SR NETA SREIURNCY (iaches) (ceatimeter) - lyAvELENGTH] POVWER-760 mam Hs
,‘% DESIGNATION|  RANGE(kae/s) YIDTH {HEIGHT | WIDTH JHZIGHT|  (cm) (megawasts)
3 ¢ £, £, fy f,
5 WR770 096 | 145 |7.70 | 3.85 {196 |9.78 | 39.1 s7.s | 818
4 ' WR6s0 - | L12 | 1,70 1650 | 325 {165 826 | 33.0 402 | 580
: L wRs10 | 145 | 220 |50 |2:35-l129 f6as | 259 253 | 358
¥ ’; , ol wmase | r70 |26 (430 f215 |109 |s46 | 218 s | 252 .
N W30 | 220 |'3.30 [340 |10 | 864432 | 173 s {160 |
S R vRzes | 260 | 395 286 {134 | 721340 | w4 | 730 |04 SN
% WR229 330 |49 22 |14 | 582|291 | 116 530 | 7.30 '
f IR wRis7 | 395 | 585 |187 | w72 | 478{222 1 o1 | 320 | 450 '
; ' WR159 490 | 705 | 159 | 795 | 4.04 | 2.02 8.08 | 270 | 3.5 ',
WR137 | 585 [8.20 |1.37 ] 622 | 3.49 [1.58 697 | 190 | 2.0
B WR112 705 100 12| 47 | 28sf126 | s | 1 | 166
: WR90 820 |12.4 900) 400 | 220202 | 437 | % | 10
it WR7S 100 |15.0 750 375 | 191) s3] 3s1 600 | 860
30 wrR62  |124 |80 622] 311 | ns8f 790} 3.16 440 | .600
WRS1 150 [22.0 S10) 255 | 130] 48| 259 300 | 410
3 vriz  |180 265 | 40 av | o7} 2] 213 | e | 20
" wR3 220 330 [ .30]| .70 | .se6| 32| w173 ] 30 | 85
¢ % IR WR28 265 }40.0 280 | .40 | ML) 356 1.42 095 .145
- ] WR22 330 |s0.0 24 a2 | o.seof 284 14 062 | 090 '
i w19 |400 eoo | .18 .004 | 87| 230 | om | 047 | .04
I WRIS 500 750 148} 074 | .376] .188 52 | 02 042
1 | WR12 60.0 |90.0 122 061 | 310 L159 620 | 020 | 029
by f WR10 750 {10 | .100] 050 | .254] .127 s08 | 014 | .02
!
g !
: 18
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. TABLEN-

'STANDARD COAXIAL WAVEGUIDES _

. Dimensions and Wave Properties -

. . OUTER INNER | CW BREAKDOWN
YAVEGUDE FREQUENCY RANGE |INPEDANCE | CONDUCTOR { CONDUCTOR {POWERs760 ua Hg
. TYPR {nc/s) (chms) DIANETER | RADIUS (cm) | .(megawnits)
‘ f, f (iaches) atk,
_RGI%/U K 60 | " s0 6.13 3.30 110
RGIS4/U K 1300 | 50 3.13 1.67 »
' Rassfy | 5 | im0 | s 1.61 843 735
RG15S/U K] 3,300 50 875 A3 2.10
RG151/U S5 10,000 50 375 159 350
. 19
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TABLE i1l
L . STANDARD CIRCULAR WAVEGUIDES

Dimenstions and Wece Propo;tion for TE,, Mo

, INSIDE INSIDE CUT-OFF C¥ GREAKDOWN
RETMA PREQUENCY RANGE  lpryaverprn | RAMUS |WAVELENGTH| POVWER-760 mmH3
DESIGNATION ' (kmc/sec) (inches) (co) (cn) (aegawans)

by t ) )
vCo4 | . a.dp 6 | 98 219 406 | L1 178
vess | v | ma | oo | s | 2w | e s |
vess | 212 1 | 73 a6 | e | oo 3 '
wCe28 83 | 38 | .21 356 L2 At 19
wC14 | 3566 7.3 141 179 610 | 033 .053
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K 7 o " . * STANDARD CIRCULAR WAVEGUIDES
< . Dimensions cnd'\'nvo. Preperties fﬂ TEy Mode
INSIDB INSIDE CUT-OFrF C¥ BREAXDOWN
RETNA | FREQUENCYRANGE |npuprer | maprus  |waverenomi| POYER-760 emis
DESIGNATION (knc/sac) (inckes) {ew) (). (meaawatts)
t, f, f, £
wc24d0 © | 7.2 9.98 | 2.403 3.053 5.01 8.1 12
wc-128 | 136 187 | nst 1.63 2,67 2.45 3.6
‘weod | 186, 256 98 119 153 135 21
WC39 | 29.3 40.4 .594 754 1.233 59 .89
! WwC-33 53.1 3.1 328 416 682 20 29
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TABLEY . ‘ . o
STANDARD CIRCULAR WAVEGUIDES

Dimensions and Wave Prop.otﬂn for TMyy Mede

BAND FREQUENCY iNSIDE INSIDE CUT-OFF CW BREAXDOWN
DESIGNATION (isc/sec) DIAMETER RADIUS WAVELENGTH JPOWERIGCmnHs
. (iaches) (cm) (cm) (Megawatts)

e o = . - Y -~

9,375 1.165 148 3.87 1.63
. © 16,000 683 867 | 226 58
24,000 35 578 1.51 Y _
. | -33000 s2- | 3% | 103 kY '
4 on 70,000 136 198 Cs1r | 038
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’ LIST OF ILLUSTRATIONS

" Fig. 1 Ratlo of nas to effective value of electric ficld as & function ;f ptessure times wavelength,
Fige 2 Time aveeage of (v;~v,)/ p, as & finction of E./po; _
Figs 3 Nommalizacion factor, 4, as a function of pfesut:e times wavelength,

Fig. 4 Ratlo of normalized cw breakdowa field to pressute as a functjon of pressue tines gap

- _ distancz for infinite parallel plate geometsy.

| - }' { B Fig. 5 Ratlo of noemalized single pulse effective breakdown field to pressure as a function of
+ | R o pressuze times pulse width for various values of pressure times gap distance.

} ' A ‘ Fig. 6 Normalized btenkdown field as & function c;t repetition rete foc various “ressures,

| Fig. 7 Typical envelope of microwave power pulse and equivalent tnpczoidal nppmxunmoﬂ.
‘ Fig. 8 Spaking probability as a function of incident power.

Fig.9 Pressure, normalized to 20°C, as -2 function of altitude,
o Fig. 10 Veciation of beeakdawn power with voltage standing wave ruio.

~ '«n»{’—-ﬁ" Lk

Fig. 11 Region of repetition tate in which aingle pulse breakdown conditions are nhd.
Fig. 12 A/ h‘ as a function of A/ A .

. R
2 4 s o pamdbk b

i‘ Fig. 13 Ratio of normalized cw beeakdowa field to pressure as a function of pressuce times waves

2 ' guide heighe for recungnlar waveguide,

L AL N . .,
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